Background: It was reported that amyloid precursor-like protein 2 (APLP2) increases PCSK9-mediated low-density lipoprotein receptor (LDLR) degradation, and sortilin facilitates PCSK9 secretion. Results: APLP2 or sortilin deficiency/overexpression in cells/mice did not affect LDLR degradation by PCSK9. However, APLP2 binds sortilin, and PCSK9 enhances their degradation. Conclusion: APLP2/sortilin are not required for PCSK9 activity on LDLR, but their interaction may modulate APLP2 functions. Significance: APLP2 and sortilin do not affect LDLR levels.
The proprotein convertase subtilisin/kexin 9 (PCSK9) 5 is the ninth member of a family of serine proteinases usually implicated in the cleavage of protein precursors (1, 2) . Independent of its catalytic activity (3, 4) , PCSK9 binds the low-density lipoprotein receptor (LDLR), mainly at the cell surface of hepatocytes, and favors its transit into the endosomal/lysosomal pathway (5) . PCSK9 is thus an important post-translational regulator of the LDLR (6 -8) . Gain-of-function mutations in the PCSK9 gene are responsible for lower LDLR levels and accumulation of plasma LDL-cholesterol (LDLc), and thus result in autosomal dominant hypercholesterolemia (9) , whereas loss-of-function mutations lead to hypocholesterolemia (10) . Because circulating PCSK9 mostly originates from liver hepatocytes (11, 12) , this has led a number of pharmaceutical companies to develop neutralizing monoclonal antibodies (mAb) that target plasma PCSK9 and thereby prevent its binding to the LDLR and the subsequent PCSK9-LDLR complex internalization and lysosomal degradation (13, 14) . These mAb were injected every 2 weeks to patients that led to a sustained 60 -70% reduction of circulating LDLc for more than 1 year (13 -15) . These data underlined the key role of extracellular PCSK9 in the human liver. Phase III clinical trials are now being evaluated worldwide in Ͼ100,000 subjects that suffer from hypercholesterolemia.
Despite its critical role as a regulator of the LDLR and attractiveness as a pharmacological target, the mechanism(s) by which extracellular PCSK9 is sorted into clathrin-coated endosomes and subsequently to lysosomes for degradation (5) remain largely unknown. Previous studies showed that PCSK9 can target the LDLR for endosomes/lysosomes degradation either intracellularly from the trans-Golgi network (16) or extracellularly from the cell surface (17) , with the latter seemingly the predominant route in liver (13 -15) . The catalytic domain of PCSK9 binds to the EGFA-like repeat of the LDLR (18, 19) . However, the ability of PCSK9 to escort the LDLR to endosomes/lysosomes and enhance the degradation of the PCSK9-LDLR complex requires the presence of its C-terminal Cys-His-rich domain (20 -22) .
An additional factor that has been demonstrated to be implicated in the PCSK9-mediated extracellular degradation of the LDLR in hepatocytes is the autosomal recessive hypercholesterolemia (ARH) adaptor protein (23 -25) . ARH binds the FDNPVY motif in the cytosolic tail (CT) of the LDLR, the ␤2-adaptin subunit of AP-2, and the clathrin heavy chain, thereby recruiting the receptor into clathrin-coated pits (26, 27) . Mutations in, or deletion of, ARH render the LDLR at the cell surface of hepatocytes insensitive to extracellular PCSK9, emphasizing the importance of ARH in the mechanism of extracellular PCSK9-induced LDLR degradation in liver (23) .
However, a truncated LDLR mutant lacking its CT (K811X; ⌬CT) is still degraded in CHO cells treated exogenously with the PCSK9 gain-of-function mutant D374Y (PCSK9-D374Y) (28) . This was confirmed in HEK293 cells treated with exogenous wild-type (WT) PCSK9 (29) . Moreover, the substitution of the transmembrane domain of LDLR-⌬CT by that of the very low density lipoprotein receptor (VLDLR) or angiotensin converting enzyme 2 did not hamper degradation, revealing that the wild type (WT) CT or transmembrane domains are not critical for the internalization and subsequent degradation of the PCSK9-LDLR complex (29) .
Altogether, these findings suggest the existence of an additional transmembrane protein containing an ARH binding motif, (F/Y)XNPXY, that would bind ARH and interact with the luminal PCSK9-LDLR complex, allowing the internalization of LDLR-⌬CT mutants. Although we recently showed that the LDLR-related protein 1 (LRP1) is a PCSK9 target in cell lines, we eliminated the possibility that it is an essential factor for LDLR regulation, even though the LDLR can compete with LRP1 for PCSK9 activity (29) .
In a study analyzing a blocking antibody of PCSK9 that efficiently targeted PCSK9 for degradation independently of a direct interaction with the LDLR (30) , the amyloid precursorlike protein 2 (APLP2), which contains an YENPTY motif, was identified as a PCSK9 partner binding its Cys-His-rich domain. This suggested that PCSK9 can divert LDLR to lysosomes from the luminal side of the membrane via its Cys-His-rich domain interaction with APLP2 (31) . Recent evidence also showed that the LDLR forms a complex with APLP2 at the cell surface (32) . This finding was not unprecedented, as APLP2 is involved in the transport of transmembrane proteins such as MHC class I molecules to lysosomes (33, 34) .
Another recent study reported that sortilin can bind PCSK9 in vitro at neutral or slightly acidic pH, and enhance its secretion (35) . Sortilin, like APLP2, is a type-I membrane-bound protein that acts as a sorting receptor regulating the traffic of proteins from the Golgi/cell surface to lysosomes (36) . Whether sortilin regulates the ability of PCSK9 to enhance the degradation of the LDLR by either the intracellular or extracellular pathways is unknown.
In the present study, we sought to better characterize the role of APLP2 and sortilin in PCSK9 trafficking and activity in cell lines and in Aplp2 Ϫ/Ϫ and Sort1 Ϫ/Ϫ mice. Our data revealed that, in hepatocyte cell lines and in the liver, the ability of extracellular and intracellular PCSK9 to enhance the degradation of the LDLR, ex vivo and in vivo, does not require the presence of APLP2 or sortilin. In addition, no change in liver LDLR levels were observed in Aplp2-or sortilin-deficient mice. However, using a proximity assay based on a split luciferase (37), we showed that APLP2 and sortilin can interact with each other in HEK293 cells.
Experimental Procedures
Cell Culture, Plasmids, siRNA, Antibodies and ReagentsHuman embryonic kidney (HEK293) cells and HepG2 cells were purchased from American Type Culture Collection. Hepatoma Huh7 cells were a gift of François Jean (University of British Columbia). HepG2 cells stably expressing human PCSK9 were generated in the laboratory and were found to secrete 25 ng of PCSK9/ml. All cells were maintained at 37°C under 5% CO 2 , and grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (Invitrogen). The bicistronic pIRES2-EGFP vector (Clontech) allowed the expression of human PCSK9 without or with a C-terminal V5 tag (1), human ER-localized PCSK9-KDEL with a C-terminal V5 tag (5) , and human APLP2 with C-terminal V5 and His 6 tags. The pcDNA3 vector (Invitrogen) was used to express an unrelated protein to this study, mouse 7B2 (38), as a negative control and human sortilin carrying a C-terminal Myc tag. The pCMV6-XL5 vector (Origene) was used to express human sortilin (no tag).
Human untagged or V5-tagged PCSK9 was detected with a rabbit polyclonal (5) or monoclonal V5 (mAb-V5; Invitrogen) antibody, whereas human V5-tagged PCSK9-KDEL was detected with a mAb-V5 antibody. Sortilin was detected using a mAb-Myc (Santa Cruz Biotechnology), rabbit polyclonal antibody (Abcam), or mouse mAb (BD Biosciences). Mouse APLP2 was detected using a rabbit polyclonal antibody kindly provided by Dr. G. Thinakaran (University of Chicago), whereas human APLP2 was detected with either mAb-V5 or a rabbit polyclonal antibody (Novus Biologicals). Human LDLR was detected using a goat polyclonal antibody (R/D Systems). Finally, ␤-actin and GAPDH antibodies were from Sigma and Abcam, respectively.
Purified PCSK9 was a generous gift from Dr. Rex Parker (Bristol-Myers Squibb; 1.7 g/l). Conditioned media were produced by incubating HEK293 cells stably transfected with the pIRES2-EGFP vector empty (ϪPCSK9) or expressing PCSK9-V5 (ϩPCSK9) overnight in serum-free DMEM. Media were then assessed by Western blotting, and the "ϩPCSK9" medium was found to contain ϳ1 g/ml of PCSK9 by ELISA (39, 40) . The media were stored at Ϫ80°C until use.
Co-expression of PCSK9 with Sortilin and/or APLP2 in HEK293, Huh7, and HepG2 Cells-Cells were transfected with vectors expressing human PCSK9, APLP2, and sortilin or in combinations using either jetPRIME (Polyplus) or FuGENE HD (Promega) transfection reagents for 48 h, according to the manufacturer's recommendations. An empty pIRES2-EGFP or pcDNA3-7B2 (38) vectors were used as controls. 24 h before harvest, cells were placed in serum-free DMEM.
siRNA of Sortilin and APLP2 in HepG2 and Huh7 CellsHuman APLP2-specific and control siRNAs were purchased from Origene (Fig. 1) or GE Healthcare BioSciences (Dharmacon; siGENOME SMARTpool; Fig. 3 ). Human sortilin siRNAs were purchased from the latter company.
For APLP2 depletion in Fig. 1 , cells were transfected with control or APLP2-specific siRNA using jetPRIME (Polyplus) transfection reagent. For sortilin and/or APLP2 depletion in Fig. 3 , cells were transfected using DharmaFECT 4 transfection reagent (GE Healthcare BioSciences) according to the manufacturer's instruction.
Western Blot Analyses-Cells were washed three times in PBS and lysed on ice in 1ϫ RIPA buffer (50 mM Tris-HCl, pH 8.0, 1% (v/v) Nonidet P-40, 0.5% sodium deoxycholate, 150 mM NaCl, and 0.1% (v/v) SDS) supplemented with 1ϫ complete protease inhibitor mixture (Roche Applied Science). Proteins were separated by 8% SDS-PAGE and transferred overnight to 0.45 m PVDF membranes (PerkinElmer Life Sciences). The membranes were blocked for 1 h at room temperature in TBS-T (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat dry milk. Membranes were incubated with primary antibodies overnight at 4°C in a 5% milk/TBS-T solution at the following dilutions: LDLR (1:1,000), PCSK9 (1:3,000), APLP2 (1:1,000), sortilin (1:5,000), mAb-Myc (1:1,000), mAb-V5 (1:5,000), and ␤-actin (1:2,500). Appropriate horseradish peroxidase-conjugated secondary antibodies were used at 1:10,000 in 5% milk/TBS-T and revealed by chemiluminescence using the Clarity Western ECL Substrate (Bio-Rad). Quantification in all cases was performed relative to ␤-actin using the NIH ImageJ software.
Biosynthetic Analyses and Immunoprecipitations-HEK293 cells were transiently transfected as described above. At 48 h post-transfection, the cells were washed in Cys/Met-free RPMI 1640 medium containing 0.2% BSA (Sigma) and pulse-labeled for 4 h with 250 Ci/ml of [ 35 S]Met/Cys (PerkinElmer Life Sciences) in the presence or absence of 5 mM NH 4 Cl (Sigma). After the pulse, cells were lysed as reported previously (41) and cells lysates were immunoprecipitated with mAb-V5, mAb-Myc, or a rabbit polyclonal PCSK9 antibody (5) . The immunoprecipitated proteins were resolved by SDS-PAGE on 8% Tricine gels, dried, and autoradiographed, as described (41) .
Fluorescence-associated Cell Sorting (FACS) -Twenty-four hours post-transfection, cells were incubated overnight with serum-free DMEM and washed three times with calcium/magnesium-free Dulbecco's PBS containing 0.5% BSA and 1 g/liter of glucose (Solution A). Cells were then incubated for 5 min at 37°C with 500 l of 1ϫ Versene solution (Invitrogen) and layered onto 5 ml of Solution A. Following centrifugation for 5 min at 1,000 rpm, cells were re-suspended in 1 ml of Solution A containing 1:100 of monoclonal human LDLR antibody (mAb-C7, Santa Cruz Biotechnology) and incubated for 30 min. After one wash with 5 ml of Solution A, cells were centrifuged, and incubated for 30 min in 1 ml of PBS containing 1:250 of Alexa Fluor 647 donkey anti-mouse (Molecular Probes). Cells were then washed in PBS, re-suspended in 300 l of PBS containing 0.2% of propidium iodide, and analyzed by FACS for both propidium iodide (viable cells are propidium iodide-negative) and Alexa Fluor 647 using the CyAn flow cytometer (Beckman Coulter).
Isolation and Culture of Primary Hepatocytes-Hepatocytes were isolated from 8 to 10-week-old male livers using a twostep collagenase perfusion method as previously described (42) . Following anesthesia by 2% isoflurane inhalation, the liver was perfused in situ via the inferior vena cava for 6 min at 37°C with calcium-free HEPES buffer I (142 mM NaCl, 6.7 mM KCl, 10 mM HEPES, pH 7.6), and for 8 min with calcium-supplemented HEPES buffer II (4.7 mM CaCl 2 , 66.7 mM NaCl, 6.7 mM KCl, 100 mM HEPES, pH 7.4) containing 0.5 mg/ml of collagenase Type V (Sigma). The perfusion rates were set to 8 and 6 ml/min, respectively. In 3.5-cm Petri dishes coated with fibronectin (0.5 mg/ml, Sigma), 5 ϫ 10 5 cells were seeded in Williams' medium E supplemented with 10% fetal bovine serum (GIBCO BRL). After 2 h, the medium was replaced with hepatozyme medium (GIBCO BRL) 12 h prior to treatment.
Mice and Genotyping-Aplp2 mice (43) were obtained from The Jackson Laboratory (stock number 004142) and genotyped as recommended. Liver samples from Aplp2 ϩ/ϩ and Aplp2 Ϫ/Ϫ mice and analyzed in Fig. 2A were obtained from Dr. Zheng (Baylor College of Medicine). Sort1 mice were a kind gift from V. Wallace (University of Ottawa) and originally generated by C. R. Morales (44) . The tail DNA of these mice was genotyped using the following forward 5Ј-GGGGTGAGAGGAACAG-GAGGCA and reverse 5Ј-CCCCAGTGCTGTCTCCAACCCA (WT) or 5Ј-TCGGGGTAGCGGCTGAAGCA (EGFP; KO) primers. PCSK9 knock-out and transgenic mice were described previously (11) . Mice were housed in a 12-h light/dark cycle and fed a standard diet (2018 Teklad global 18% protein rodent diet; Harlan Laboratories). All procedures were approved by the IRCM bioethics committee for animal care.
Immunohistochemistry of LDLR in the Liver-Cryosections were incubated with a mouse LDLR antibody (1:150; R&D Systems number F2255) at 4°C overnight and with Alexa Fluor 488-labeled anti-goat IgGs (1:150; Invitrogen) for 1 h at room temperature as previously described (12) . Nuclei were counterstained with Hoechst dye (Sigma). Images were acquired using a Retiga EXi camera (Q-Imaging) mounted on a Leica DMRB microscope.
Quantitation of Plasma PCSK9 by ELISA-Mouse plasma were collected in EDTA-coated microtainer tubes (BD Biosciences) and 1 l was used to measure PCSK9 using the CircuLex mouse/rat PCSK9 ELISA kit (number CY-8078; Boca Scientific).
Split-luciferase Assay-In this Gaussia princeps luciferase protein complementation assay, protein pairs assessed for their interaction are N or C terminally fused to one of the luciferase halves (Gluc1, Gluc2). When the two inactive complementary halves are brought in close proximity by interacting protein pairs, a significant luciferase activity is restored. The complete ORFs clones from the Human ORFeome resource consortium for human APLP2, Sec24A, Sec24B, Sec24C, Sec23B, Sec23IP, and sortilin were transferred by recombinational cloning (LR clonase reaction, Invitrogen) into Gateway-compatible destination vectors. Because of the presence of a signal peptide in secretory proteins, the luciferase moiety was fused at the C terminus of sortilin and APLP2 (in pC-Gluc1 or pC-Gluc2 vectors). DNA constructs were verified by sequencing.
HEK293 cells were seeded at a concentration of 3 ϫ 10 4 cells/ well in 96-well plates (Greiner Bio-One, number 655 083). After 24 h, cells were transfected using jetPEI (Polyplus) with 100 ng of each recombinant vector. At 24 h post-transfection, after a washing step in PBS, cells were harvested with 30 l of Renilla lysis buffer (Promega, E2820) for 30 min, and luciferase enzymatic activity was measured in triplicates using a Berthold Centro XS LB960 luminometer by injecting 100 l of Renilla luciferase assay reagent (Promega, E2820) into cell lysates and counting luminescence for 10 s. Results were expressed as a fold-change normalized over the sum of controls (normalized luminescence ratio) (37, 45) .
APLP2 and sortilin interaction was validated by co-expression and immunoprecipitation. Cell extracts were incubated with mAb-Myc and protein A/G-agarose beads (Santa Cruz Biotechnology) at 4°C overnight. The beads were washed with cell extraction buffer (20 mm HEPES, pH 7.4, 20 mM CaCl 2 150 mM NaCl, and 0.5% Triton X-100). Laemmli buffer was added to the washed beads, boiled for 5 min, and subjected to SDS-PAGE followed by Western blot analysis.
In Situ Hybridization-Frozen whole bodies of postnatal mice (p10) and adult mouse livers were cut into 12-m thick sections that were mounted onto glass slides and fixed in fresh 4% formaldehyde. RNA sense and antisense riboprobes were synthesized in vitro from recombinant PCRII vectors (Invitrogen) using the T7 and SP6 RNA polymerase promoters in the presence of [ 35 S]UTP (Ͼ1,000 Ci/mmol; number NEG039H, PerkinElmer LAS Canada, Inc.), as previously reported (1). The RNA probes for mouse PCSK9, sortilin, and APLP2 covered amino acids 352-648, 468 -825, and 384 -722 in the protein sequence, respectively. Briefly, and as described previously (46), tissue sections were hybridized overnight with 50 -80,000 cpm/l of 35 S-labeled cRNA probe, washed at 65°C, and treated with 20 g/ml of RNase A at 37°C. After washing, the slides were dehydrated, exposed for 4 days, then dipped in Kodak NTB nuclear track emulsion, and finally exposed for 12 days at 4°C.
Results

PCSK9 Can Induce Degradation of the LDLR in the Absence of
APLP2-A recent report suggested that the extracellular PCSK9-induced post-endocytic sorting of the LDLR to endosomes/lysosomes is dependent on APLP2 (31). To assess whether APLP2 is an essential factor in the ability of PCSK9 to induce degradation of the LDLR, hepatocyte-derived HepG2 and Huh7 cells were transfected with control or APLP2 siRNAs and incubated overnight in a conditioned medium from HEK293 cells lacking or containing ϳ1 g/ml of PCSK9-V5 (Fig. 1 ). Cells were then lysed and the LDLR and APLP2 levels analyzed by Western blotting. The APLP2 knockdown efficiency ranged from 40 to 95% in HepG2 (Fig. 1A ) and 80 to 95% in Huh7 cells (Fig. 1B) . Importantly, under significantly reduced levels of APLP2, exogenous PCSK9 (input media; Fig.  1C ) still induced degradation of up to 70% of the LDLR in HepG2 (Fig. 1A) and Ն90% in Huh7 cells (Fig. 1B) . In addition, FACS analysis of the latter cells revealed a significant 60 -70% decrease in cell surface levels of LDLR (Fig. 1D) .
The original study by DeVay et al. (31) also used treatments with 50 g/ml of purified PCSK9 for 2 h. Because our findings may be affected by the presence of additional factors in the HEK293 cell-conditioned media, or by the overnight incubation with PCSK9, we repeated the experiment described in Fig.  1 with pure PCSK9. Following transfection of APLP2 siRNA-B, HepG2, and Huh7 cells were incubated for 2 h or overnight with 50 g/ml of pure PCSK9 (39) . Our data showed that this high concentration of pure PCSK9 in the medium similarly enhanced the degradation of the LDLR independently of APLP2 (not shown). In conclusion, a substantial APLP2 deficiency did not block the ability of extracellular PCSK9 to induce the degradation of the LDLR in HepG2 and Huh7 cells.
APLP2-deficient Mice Exhibit Slightly Reduced Levels of Circulating PCSK9 but Similar Levels of Plasma Cholesterol, as
Well as Total and Cell Surface LDLR in the Liver-To corroborate our results in vivo, we first analyzed the circulating levels of PCSK9 in Aplp2 ϩ/ϩ (WT) and Aplp2 Ϫ/Ϫ mice, and found them slightly but significantly reduced by 20 and 27% in Aplp2 Ϫ/Ϫ males and females, respectively ( Fig. 2A) . However, similar plasma total cholesterol levels were observed in both genotypes (116 versus 123 mg/dl in WT mice). In agreement with this observation, the lack of APLP2 did not affect the levels of liver total LDLR (Fig. 2B) , nor those at the cell surface of hepatocytes (Fig. 2C) . In contrast, livers lacking PCSK9 had 2.5-and 60-fold higher levels of total and surface LDLR, respectively (Fig. 2, B and C) (11, 12) . Primary hepatocytes isolated from FIGURE 1. Exogenous PCSK9 can induce degradation of the LDLR in the absence of APLP2. HepG2 (A) and Huh7 (B) cells were transfected with a control non-target siRNA (Ctrl) or 3 different siRNAs targeting APLP2. Cells were incubated overnight with serum-free conditioned media lacking or containing 1 g/ml of PCSK9-V5. HepG2 and Huh7 cell lysates were then subjected to Western blotting using LDLR, APLP2, and ␤-actin antibodies. LDLR and APLP2 signals were normalized to that of ␤-actin. C, the input HEK293 conditioned medium was analyzed using mAb-V5 to detect PCSK9-V5. D, duplicate samples of Huh7 cells matching those in panel B were analyzed by FACS to assess the cell surface LDLR levels. Values were normalized to that of the first lane (control non-target siRNA in the absence of PCSK9). Error bars represent S.E. *, p Ͻ 0.05 (Student's t test). The data shown here are representative of two to three independent experiments.
three WT and three Aplp2
Ϫ/Ϫ littermates also exhibited the same levels of total LDLR (Fig. 2D) . Furthermore, the LDLR levels were similarly reduced (30 -40%) by exogenous PCSK9 (2-or 16-h incubations) in primary hepatocytes isolated from both genotypes (Fig. 2E) . Finally, WT or Aplp2 Ϫ/Ϫ primary hepatocytes secreted similar levels of endogenous PCSK9 (98.1 Ϯ 4.2 versus 74.3 Ϯ 20.3 ng/ml for WT mice; n ϭ 3 and p ϭ 0.12), suggesting that lower circulating levels of PCSK9 in Aplp2 Ϫ/Ϫ male and female mice ( Fig. 2A) are not due to a secretion defect of PCSK9 by hepatocytes. We also observed that the protein levels of APLP2 in the liver were not sensitive to the absence or overexpression of PCSK9 in either Pcsk9 Ϫ/Ϫ or Tg(PCSK9) mice (11) (not shown).
Sortilin Depletion Does Not Affect LDLR Degradation by PCSK9 and Has No Cholesterol Phenotype in Mice-As this study was progressing, it was reported that sortilin facilitates PCSK9 secretion from mouse primary hepatocytes and that Sort1 Ϫ/Ϫ mice displayed ϳ30% lower levels of circulating PCSK9, whereas mice acutely overexpressing sortilin in the liver via adenoviral infections with recombinant AAV-sortilin exhibited increased levels of plasma PCSK9 (35) . We thus assessed the role of sortilin in PCSK9-mediated LDLR degradation. Huh7 cells were transfected with either control siRNA or siRNAs specific to sortilin or APLP2, or both, and LDLR levels were estimated in cell lysates by Western blotting (Fig. 3A) . Knockdown of sortilin, APLP2, or both revealed that lack of sortilin, alone or in combination with APLP2, had no significant impact on LDLR levels, suggesting that PCSK9-triggered LDLR degradation was not sensitive to lower levels of these transmembrane proteins in Huh7 cells. A similar lack of effect was observed in sortilin knock-out (KO; Sort1 Ϫ/Ϫ ) mice (44) as compared with Sort1 ϩ/ϩ (WT) mice (Fig. 3B) . Thus, in the liver, neither total LDLR levels examined by Western blotting (Fig.  3B ) nor surface levels examined by immunohistochemistry (Fig. 3C) were affected. In addition, plasma total cholesterol (Fig. 3D) and PCSK9 (Fig. 3E ) levels were similar in WT and Sort1
Ϫ/Ϫ littermates. Additionally, LDLR, PCSK9, and SREBP-2 mRNA expressions in WT and Sort1 Ϫ/Ϫ livers were comparable (not shown).
Heterozygous Pcsk9 ϩ/Ϫ mice exhibit a ϳ70% decrease in circulating PCSK9 levels as compared with WT mice (29.7 Ϯ 11.0 versus 94.2 Ϯ 11.0 ng/ml, respectively; n ϭ 6 -7 mice; p ϭ 5 ϫ 10 Ϫ6 ). This higher than 50% decrease is likely due to increased LDLR levels on Pcsk9 ϩ/Ϫ hepatocytes (ϳ30% increase; Fig. 3F ), thereby contributing to a further clearance of circulating PCSK9. Thus, a ϳ70% decrease in circulating PCSK9 only resulted in a 1.3-fold increased liver LDLR levels (Fig. 3F) . In contrast, liver extracts from Pcsk9 Ϫ/Ϫ mice showed a 3.2-3.4-fold increase in LDLR levels (Fig. 3, B and F) . Thus, our data suggest that the 2.2-fold increased levels of LDLR reported in Sort1 Ϫ/Ϫ mice could not be primarily attributed to the loss of ϳ30% of circulating PCSK9 (35) .
Sortilin and APLP2 Are Novel Cellular Targets of PCSK9 -Because the extracellular pathway of PCSK9 is more dominant in the liver (13-15), we next assessed whether APLP2 and sortilin could affect the PCSK9-triggered LDLR degradation via the intracellular pathway. We thus co-expressed PCSK9 and sortilin-Myc (or untagged sortilin; not shown) or APLP2-V5 in HEK293 (Fig. 4A) . Unexpectedly, the intracellular levels of sortilin and APLP2 were dramatically decreased in HEK293 cells co-expressing PCSK9 (Ϫ90 and Ϫ40%, respectively; Fig.  4A ), whereas neither protein was degraded in the presence of exogenous PCSK9 (not shown). This suggested that both sortilin and APLP2 are new targets of intracellular PCSK9. Note that the absence of any apparent reduction in intracellular PCSK9 levels is likely due to the fact that, at a given time, most of the protein is in the endoplasmic reticulum (ER), as evidenced by its sensitivity to endoglycosidase H digestion (1, 7) .
To better understand the dynamics of their PCSK9-induced disappearance, we analyzed the biosynthesis of APLP2 and sortilin (Fig. 4B) in the absence or presence of PCSK9. APLP2-V5 and sortilin-Myc were expressed in HEK293 cells that were pulse-labeled for 4 h with [ 35 S]Met ϩ Cys. Cell lysates were immunoprecipitated with corresponding antibodies and the precipitated proteins were separated by SDS-PAGE followed by autoradiography. APLP2 seems to be first synthesized as an immature, likely ER-localized protein with an apparent molecular mass of ϳ100 kDa, and to be subsequently shifted to a ϳ220 kDa broad protein band, likely corresponding to chondroitin sulfate-modified forms (47, 48) . Because the ϳ100 kDa form was strongly increased in the presence of brefeldin A (not shown), which collapses the cis-medial Golgi cisternae with the ER (49), this suggests that the majority of nascent APLP2 undergoes maturation and subsequent degradation. The latter may occur in acidic endosomes/lysosomes, because preincubation with 5 mM NH 4 Cl (to alkalinize the cells) increased the levels of the ϳ220 kDa wider band, with no effect on the ϳ100 kDa one that is likely in the ER (neutral pH compartment; not shown).
Newly synthesized sortilin in HEK293 cells migrates with an apparent molecular mass of ϳ105 kDa, just above APLP2 (Fig.  4B) . Interestingly, co-expression of sortilin with APLP2 resulted in higher levels of the latter, suggesting that sortilin binding stabilizes APLP2 and partially rescues it from degradation. Conversely, APLP2 had no effect on the levels of sortilin (Fig. 4B, lanes 1 and 4) .
Co-expression of PCSK9 with sortilin or APLP2 (Fig. 4B,  lanes 5-8) resulted in a very significant reduction in the levels of either protein (compare lanes 1 and 5, and 2 and 6), as expected from Western blot analysis (Fig. 4A) . The levels of APLP2 were mildly rescued by the co-expression of sortilin, but substantially rescued upon incubation of cells with 5 mM NH 4 Cl (compare lanes 6 -8) , resulting in a visible co-immunoprecipitated sortilin signal (see lane 8) . These data suggest that 
PCSK9 Convertase-mediated LDLR Degradation
PCSK9 can target APLP2 to endosomes/lysosomes for degradation.
In contrast, the PCSK9-induced degradation of sortilin is neither rescued by the presence of APLP2 nor 5 mM NH 4 Cl (compare lanes 1, 5, 7, and 8) . This might be due to the fact that sortilin is more sensitive to PCSK9 than APLP2 (Fig. 4A) . However, upon incubation of cells with both 5 mM NH 4 Cl and 10 g/ml of the cell permeable Cys-protease inhibitor E64d, we did observe a partial rescue of sortilin (not shown), suggesting that here also PCSK9 induces the degradation of sortilin in the acidic compartments of endosomes/lysosomes.
To better understand the mechanism of PCSK9-induced degradation of sortilin and APLP2, we co-expressed sortilin (no tag), APLP2-V5, or soluble sAPLP2-V5 (lacking the transmembrane-cytosolic tail) with either PCSK9-V5 or ER-localized PCSK9-V5-KDEL (5) in HEK293 cells (Fig. 5) . Western blot analysis showed that WT PCSK9 and ER-retained PCSK9-KDEL were able to degrade sortilin, APLP2, and sAPLP2. This suggested that all of these proteins bind to PCSK9 possibly already in the ER, and are then targeted for degradation. However, because PCSK9-KDEL is also able to degrade APLP2, sAPLP2, and sortilin (Fig. 5) , this suggests that ER retention of the complex of PCSK9 with these proteins likely leads to their degradation within the ERAD system (50) . Thus, it is probable that PCSK9 could enhance the degradation of APLP2 and sortilin by both the ERAD and the endosomes/lysosome hydrolases.
Co-expression of Sortilin, APLP2, or Both with PCSK9 Has No Major Effect on LDLR Degradation-Sortilin and APLP2
were targeted for degradation only by high levels of intracellular PCSK9. To verify whether this process modulates the activity of PCSK9 on the LDLR, Huh7 cells were transfected with vectors allowing the expression of either APLP2 and/or sortilin without or with that of PCSK9 (Fig. 6) . As in HEK293 cells (Figs. 4 and 5 ) APLP2 and sortilin levels were also significantly decreased when these proteins were co-expressed with PCSK9 in Huh7 cells. Although the amount of LDLR estimated by Western blotting tended to decrease upon co-expression of sortilin and/or APLP2, the 62-67% enhancement of LDLR degradation by PCSK9 did not seem to be vary (Fig. 6) . Thus neither APLP2 nor sortilin modify the activity of PCSK9 on the LDLR.
Sortilin Binds APLP2-A recent study showed by a genetic approach that the cytosolic adaptor protein Sec24A implicated in the ER-Golgi trafficking of COPII vesicles was critical for the FIGURE 5 . Sortilin, APLP2, and soluble APLP2 are degraded by both PCSK9 and ER-localized PCSK9-KDEL isoforms. HEK293 cells were transfected with indicated DNA amounts of vectors encoding a control protein 7B2, sortilin (no tag), APLP2-V5, soluble APLP2-V5 (sAPLP2-V5), PCSK9-V5, or PCSK9-V5-KDEL, as indicated. After 48 h, lysates and media were analyzed by Western blotting for the indicated proteins. The data show that overexpressed PCSK9 or PCSK9-KDEL induces degradation of sortilin (A), APLP2 (B), and sAPLP2 (C) in HEK293 cells. Quantification of sortilin and APLP2 band intensities were normalized against those of ␤-actin or GAPDH. These data are representative of two independent experiments. FIGURE 6. Co-expression of sortilin, APLP2, or both with PCSK9 has no major effect on LDLR degradation. Huh7 cells were transfected with a total of 3 g using 1 g of each vector encoding for either a control protein 7B2 (Ϫ), sortilin (ϩ), APLP2 (ϩ), or PCSK9 (ϩ), as indicated. After 48 h, lysates were analyzed by Western blotting for expression of the LDLR, sortilin-Myc, APLP2-V5, intracellular pro-and mature-PCSK9-V5, and ␤-actin. Media were analyzed for secreted endogenous and overexpressed PCSK9-V5 using a rabbit polyclonal human PCSK9 antibody. Quantification of LDLR expression was normalized against that of ␤-actin. These data are representative of at least 3 different experiments showing similar results. JULY 24, 2015 • VOLUME 290 • NUMBER 30 secretion of PCSK9 from the ER into the medium (51). This facilitation is thought to be mediated by a membrane-bound protein that binds PCSK9 in the ER-lumen and Sec24A in the cytosol via its CT.
PCSK9 Convertase-mediated LDLR Degradation
Because both APLP2 and sortilin were targeted for degradation by intracellular PCSK9 (Fig. 4A) , and sortilin-stabilized APLP2 (Fig. 4B) , a G. princeps luciferase-based complementation assay (37, 45) was used to assess a possible interaction of their CT with Sec24A (Figs. 7, A and B) . Positive and negative interaction controls included the co-expression of Sec23 and Sec24 family members known to dimerize or not in the cytosol (52) . As expected, the strongest interaction signal was observed between Sec24B and Sec23B. The lack of detection of interaction with Sec24B-Gluc2 C-term fusion/Sec23B-Gluc1 N-term protein pair suggested that the C-terminal region of Sec24B could be involved in forming a complex with Sec23B and Sec23IP. From this assay, we found that Sec24A did not bind APLP2 or sortilin, whereas Sec23B bound weakly to sortilin and APLP2, with the latter interaction best seen when Sec23B has the Gluc-1 domain at its N terminus (Fig. 7B) . This ruled out sortilin or APLP2 as candidates for the putative ER-localized protein whose CT binds Sec24A (51). However, the assay unraveled an unsuspected strong interaction between sortilin and APLP2 (Fig. 7B, upper right corner) . The binding domains are not defined, but the interaction was strong enough to result in close proximity of the two halves of the G. princeps luciferase, resulting in a strong luminescence signal. This interaction was validated by co-expressing in HEK293 cells sortilin-Myc and APLP2-V5 (Fig. 7C) . Lysates of control cells (empty vector) or cells expressing sortilin-Myc and/or APLP2-V5 were immunoprecipitated with a Myc mAb. Western blot analyses of the precipitates revealed that sortilin co-immunoprecipitated with APLP2. The relative binding of sortilin to APLP2 compared with the input was estimated to be ϳ10%. These data demonstrate that in HEK293 cells sortilin and APLP2 can bind to each other.
Discussion
Although targeting circulating PCSK9 is a very promising treatment for hypercholesterolemia, the mechanism(s) behind the ability of PCSK9 to enhance the degradation of the LDLR in endosomes/lysosomes is not yet elucidated. Because PCSK9 can still degrade a truncated form of the LDLR lacking its CT (28, 29) , we hypothesized the existence of another bridging transmembrane partner able to bind, via its extracellular domain, the PCSK9-LDLR complex, and to interact via its CT with ARH and/or other cytosolic trafficking partners.
Recently, two proteins were suggested to enhance the PCSK9-mediated degradation of the LDLR. APLP2 was reported to act as a bridge protein that facilitates trafficking of the PCSK9-LDLR complex to endosomes/lysosomes (31) , and sortilin was shown to bind PCSK9 in the trans-Golgi network and possibly facilitates its secretion (35) . Herein, we attempted to elucidate the mechanisms underlying the role of APLP2 and sortilin in PCSK9 trafficking.
In this study, LDLR levels were not significantly affected upon APLP2 depletion by siRNA in HepG2 and Huh7 cells. In both cell lines, the ability of 1 g/ml of exogenous PCSK9 to promote the degradation of the LDLR was unchanged (overnight in serum-free HEK293 conditioned media; Fig. 1 ). Importantly, the same lack of effect was observed by adding 50 g/ml of pure recombinant PCSK9 for 2 h, the conditions used by DeVay et al. (31) , or overnight (not shown).
Similar to APLP2, depletion of either sortilin alone or in combination with APLP2 in Huh7 cells had no significant effect on LDLR levels (Fig. 3A) . In addition, LDLR levels and PCSK9 activity/secretion remained unaffected by overexpression of APLP2, sortilin, or both proteins (Fig. 6) .
We then tested whether APLP2 or sortilin, which had no effect on the PCSK9 activity in cell lines, may in vivo regulate liver LDLR levels. Our data showed that the LDLR levels in the livers and primary hepatocytes of Aplp2 Ϫ/Ϫ mice, and those of circulating total cholesterol were unchanged (Fig. 2, B-D) . However, Aplp2 Ϫ/Ϫ mice exhibited a 20 -27% decrease in plasma PCSK9 levels, suggesting that APLP2 can partially regulate the levels of circulating PCSK9 (Fig. 2A) . The observed reduction in plasma PCSK9 in Aplp2 Ϫ/Ϫ mice could be due to a direct effect of APLP2 on PCSK9 secretion/degradation by hepatocytes, independent of the LDLR. An indirect effect through increased LDLR uptake of PCSK9 is unlikely as the LDLR levels remained unchanged in Aplp2 Ϫ/Ϫ mice (Fig. 2,  B-D) . Therefore, we conclude that APLP2 does not affect the ability of PCSK9 to enhance the degradation of the LDLR in cells and in vivo.
In Sort1 Ϫ/Ϫ mice the levels of LDLR, circulating PCSK9 and total cholesterol were not affected (Fig. 3, B-D) . Our results on Sort1 Ϫ/Ϫ mice differ from those of Gustafsen et al. (35) who reported that Sort1 Ϫ/Ϫ mice exhibit a ϳ30% reduction in the levels of circulating PCSK9 and ϳ2.2-fold increase in liver LDLR protein. This is surprising because heterozygote Pcsk9 ϩ/Ϫ mice exhibit a ϳ70% reduction in circulating PCSK9, but only a 1.3-fold increase in liver LDLR levels (Fig. 3F) . Could this discrepancy be due to the use of different knock-out strategies? In our Sort1 Ϫ/Ϫ mice, the KO strategy consisted of replacing segments of exon 2-intron 3 with a neomycin-resistand EGFP cassette by homologous recombination (44) . Western blot analysis using an antibody directed against amino acids 300 -422 of human sortilin encoded by exons 8 to 11 (98% identical protein sequence between human and mouse orthologues) showed a ϳ105-kDa mature sortilin only in wild type, but not KO liver (Fig. 3B) , confirming the complete loss of protein expression in our KO livers. In the mice used by Gustafsen et al. (35) the KO strategy was to disrupt the reading frame of the Sort1 gene by deleting 41 codons in exon 14 (53) . This also resulted in the loss of sortilin protein expression, as evidenced by the same antibody used in this study, suggesting that the residual protein and/or mRNA are unstable. We thus have no explanation for the difference between this study and that of Gustafsen et al. (35) as both Sort1 Ϫ/Ϫ mouse models have comparable genetic backgrounds (C57BL/6) and the mice used were fed similar chow diets.
Even though we concluded that APLP2 or sortilin did not significantly affect PCSK9 activity on the LDLR, we were surprised by the fact that APLP2 and sortilin were targeted for degradation in both the ER and acidic compartments by PCSK9 in HEK293 and Huh7 cells (Figs. 4 -6 ). This likely involves the intracellular PCSK9 pathway, because incubation of these cells with exogenous PCSK9 had no effect on either protein (not shown). However, this did not happen in the liver of transgenic mice overexpressing PCSK9 (not shown). This phenomenon was also observed for LRP1 that was efficiently targeted for degradation by PCSK9 in various cell lines, but not in mouse liver (29) . One explanation would be that the high ability of the liver to secrete PCSK9 may hamper the intracellular PCSK9-mediated degradation of sortilin or APLP2. Alternatively, the ER exit and secretion of PCSK9 in hepatocytes may be very fast and efficient as compared with cell lines where PCSK9 may spend more time intracellularly. Another explanation is that intrinsic high levels of PCSK9 may result in an adaptive response in transgenic mice, unlike an acute overexpression in cells.
The above data and the fact that sortilin can stabilize APLP2 (Fig. 4B) suggest that both proteins together with PCSK9 meet early in the secretory pathway and not at the cell surface. This is further evidenced by the ability of ER-retained PCSK9-KDEL to enhance the degradation of APLP2, sAPLP2, and sortilin likely in the ERAD pathway (Fig. 5) .
Proteins are shuttled from the ER to the Golgi apparatus by COPII vesicles coated with the cytosolic Sec23/Sec24 adaptors heterodimers that play a key role in cargo recruitment to the transport vesicle (54) . In mouse, Sec24A deficiency led to ϳ60% lower levels of circulating PCSK9 and up-regulated levels of the LDLR protein in the liver (51) . Sec24A was thus suggested to promote PCSK9 exit from the ER. To assess whether APLP2 and/or sortilin were involved in this process, a split G. princeps luciferase assay (37, 45) was used. Surprisingly, although APLP2 and sortilin did not bind Sec24, they interacted strongly with each other, as also confirmed by co-immunoprecipitation (Fig. 7) .
It was shown that sortilin and the amyloid precursor protein (APP) bind to each other via luminal (head-to-head) and cytosolic (tail-to-tail) interaction domains (55) . Their cytosolic tails interact via the FLVHRY motif of sortilin with the YNPTYKFFE motif in APP, which overlaps with the ARH binding consensus YENPTY (26, 27) . Because the APP motives in its luminal and CT domains implicated in sortilin binding are either identical or similar in APLP2 (not shown), this suggests that sortilin may also bind APLP2 via these motives and regulate its trafficking. Interestingly, sortilin was shown to target APP for lysosomal degradation (55) , whereas our data revealed that sortilin stabilizes APLP2 (Fig. 4B) , suggesting a functional difference between the interaction of sortilin with APP or APLP2.
In situ hybridization in adult mouse liver or 10-day-old whole body revealed that the colon, small intestine, retina, olfactory tract, and cerebellum express high levels of PCSK9, APLP2, and sortilin (Fig. 8, left panel) , whereas in the mouse (Fig. 8 , right A, x-ray film autoradiography showing widespread APLP2 expression pattern with high mRNA concentration in the eye retina and lens, brain, cerebellum, brown fat, liver, spleen, skin, small intestine, colon, and kidney. B, tissue-specific PCSK9 expression pattern with moderate to high level mRNA concentration in the eye retina inner nuclear layer, brain olfactory tract and cerebellum, spleen, liver, small intestine, and colon. C, tissue-specific sortilin expression pattern with moderate to high level mRNA concentration in the eye retina and lens, brain, cerebellum, skin, kidney medulla, colon, and small intestine. Abbreviations: BF, brown fat; BM, bone marrow; Br, brain; Cb, cerebellum; Co, colon; Ki, kidney; LG, lacrimal gland; Le, eye lens; Li, liver; Lu, lung; Mo, molars; OT, olfactory tract; Re, retina; SIn, small intestine; Sk, skin; Spl, spleen; St, stomach; Str, brain striatum; Th, thymus. *, indicates nonspecific staining of the aorta.
panel) and human (56) liver, sortilin expression is rather poor. These results were also confirmed by quantitative PCR analyses of various tissues (not shown). Quantitative PCR analysis of the mouse mRNA levels of liver PCSK9, LDLR, APLP2, sortilin, and HMG-CoA reductase were analyzed. The data revealed that although PCSK9, LDLR, and HMG-CoA reductase mRNA levels are reduced by about 2-3-fold in the liver of mice fed a high cholesterol versus chow diet, the levels of APLP2 or sortilin are not significantly affected by a high cholesterol diet (not shown). This suggests that different for PCSK9, LDLR, and HMG-CoA reductase (57) , the transcription of Aplp2 or Sort1 is not regulated by SREBP2.
Because our data suggest that APLP2 and sortilin can interact, and that sortilin enhances the stability of APLP2 (Fig. 4B) , it will be important in the future to test the effect of sortilin on the functions of APLP2 in specific tissues, especially in the brain, small intestine, and colon where the expression of both transcripts is quite high (Fig. 8) . For example, all three members of the APP gene family (APP, APLP1, and APLP2) behave similarly in that they each contribute to the regulation of cell surface NMDA receptor homeostasis in neurons (58) . Thus, it is possible that sortilin would differentially regulate the activity of APP and APLP2 on NMDA receptors in the brain (Fig. 8) .
The main conclusion of this work is that, in the liver or derived cell lines, neither APLP2 nor sortilin appear to be critical for PCSK9 activity. To date, attempts to identify a protein with a cytosolic (F/Y)XNPXY motif that is critical for the extracellular PCSK9 function on the LDLR have not been successful. An alternative hypothesis postulates that, upon extracellular PCSK9 binding to the cell surface LDLR, the endocytosed membrane-bound PCSK9-LDLR complex is exposed to sheddase(s) that release the LDLR from the membrane (59), and accelerate its degradation. Whether the C-terminal domain of PCSK9, which is essential for LDLR degradation, acts through reinforcing the PCSK9-LDLR interaction (60, 61) , rather than through binding a third partner, remains to be proven (20 -22) .
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